The molecular structure of organic monolayers adsorbed on transition metal surfaces at low pressures can be studied by a combination of surface science techniques that include low energy electron diffraction (LEED) -surface crystallography, high resolution electron energy loss spectroscopy (HREELS) and scanning tunneling microscopy (STH). Host of the studies focussed on small alkenes and aromatic molecules that were adsorbed on flat, low Hiller Index metal surfaces. The investigations were carried out in a wide temperature range and at various coverages. revealed that the surface chemical bonds of these molecules are very similar to those found in organo-metallic clusters. of the molecules leading to sequential bond breaking and to the formetion of stable fragments at elevated temperatures. surfaces has also been observed.
INTRODUCTION
During the last ten years modern surface science techniques were applied to the study of the structure and bonding of monolayers of small organic molecules adsorbed on 2 metal surfaces. In these investigations usually a 1 cm area single crystal is used as a substrate.") Of the many tools of surface science, low energy electron diffraction (LEED) and high resolution electron energy loss spectroscopy (HREELS) produced most of the data, although infrared spectroscopy and synchrotron radiation methods have also contributed significantly. The studies revealed that 1) the surface chemical bonds of these molecules are very similar to those found in organo-metallic clusters. A unique feature is the temperature dependent variation of their bonding and sequential fragmentation that gives rise to the formation of organic moieties that are stable only in a well defined temperature range for a given metal surface.
The surface chemical bonds of organic molecules were also 2) dependent on the coverage and the coadsorption of two types of molecules, one donor and one acceptor, which can induce two dimensional ordering reflecting the importance of adsorbate-adsorbate interactions. these investigations of organic monolayers. organo-metallic cluster nature and temperature dependence of the surface chemical bond and the importance of coadsorption. species in heterogeneous catalysis will be reviewed. emerging new techniques of research for the molecular level scrutiny of organic molecules at the solid-liquid and solid-solid interfaces.
In this paper we shall briefly describe the experimental methodology used in
Then we shall demonstrate the The possible role of the strongly adsorbed organic Finally, we will discuss the
Experimental techniques to investigate structure and reactivity of organic monolayers

Low-energy electron diffraction2 (LEED) and high-resolution electron energy loss
LEED has developed to the point where 2 spectroscopy structure and bonding of the organic monolayers. a complete set of diffraction beam intensities can be obtained in about 5 min over a 100-150-eV electron energy range by using computer-interfaced video camera (HREELS) were the primary techniques used in our laboratory to study the The recent development of digital LEED permits the use of nanoampere The theory of LEED has developed' rapidly over the past 10 years to permit the structure analysis of ordered layers of organic molecules of ever increasing size, including benzene and naphthalene.
disordered adsorbed monolayers as long as the substrate is ordered.6 LEED-surface crystallography studies is shown in Figure 1 . disordered, with a typical energy resolution of 50 cm . The technique permits us to independently obtain structural information2 on the same adsorbate system that was studied with LEED. In addition, the vibrational spectra can be readily compared with spectra obtained from the organometallic molecules or mltinuclear clusters. A wealth of infrared spectroscopy data exists in the literature on the vibrational spectra of these molecules, which permits us to compare their structure with those of the surface adsorbed species. ' The scheme of HREELS-vibrational spectroscopy studies is presented in Figure 2 . Both LEED and HREELS studies have to be carried out at the low ambient pressures of ultra-high-vacuum (10 -10 Torr). In order to investigate the behavior of organic monolayers when subjected to high-pressure gases or under catalytic reaction conditions at high pressures, a high-pressurellow-pressure reaction chamber is utilized.8 single-crystal sample (usually 1 cm2 in size) can be isolated in a tube that is placed in the middle of the ultra-high-vacuum system containing the LEED or HREELS equipment. The tube can then be pressurized after closing and the catalytic reaction, such as ethylene hydrogenation, can be carried out at atmospheric pressures. The reaction rate and the product distribution can be monitored by a gas chromatograph. is completed the reaction tube is evacuated and opened and the crystal surface is subjected to further studies by LEED, HREELS, or other surface techniques (Auger electron spectroscopy, for example). repeatedly exposed to high ambient pressures if desired. Hydrogen thermal desorption spectra from ethylene (C2H4). propylene (C H ) and the 2-butenes (C H 1 adsorbed on Pt(ll1). Peaks A correspond to excess 4 8 hydrogen desorbing directly from the metal. hydrogen atoms breaking off, while the peaks C originate from decomposition fragments.
6
Peak B represent the first temperature regimes where the stable partially dehydrogenated intermediates exist. It is of importance to understand the structure and bonding of these various organic adsorbates since only at the highest temperatures ( 8 0 0 K) do they dehydrogenate fully to leave behind a graphitic overlayer. Figure 4 shows the vibrational spectra obtained after ethylene desorption at ??K, 310K, and 450K . The structure changes as the molecule becomes successively dehydrogenated. At l o w temperatures, ethylene is intact and its CC bond is parallel to the platinum surface. Such structures have their organo -metallic cluster compound equivalent as indicated by figure 5. 
Figure 6
Comparison of bond lengths and bond angles in surface-and cluster-bound ethylidyne species. Corresponding parameters for acetylene, ethylene and ethane are also given for comparison.
increases the temperature to 300 K, ethylidyne forms which is shown", separately in figure 6. C H rhodium or other transition metal surfaces this molecule sits in a 3-fold site and its C-C bond is elongated to a single bond . There are many organometallic multi-nuclear clusters exist with the same structure. These types of molecules are called alkylidynes thus, the name ethylidyne for ethylene absorbed with this type of bonding. In figure 7 there are several organometallic complexes shown with alkylidyne structures". are produced not only in 3-fold sites but they occur one, two and four coordinations as well. most transition metal surfaces. organometallic clusters.
To produce this molecule one hydrogen is eliminated. It has a stoichiometry and a C-C bond that is perpendicular to the surface. On the (111) . The center of the molecule is in a 3-fold hollow and the bond distances are very similar to those of gas phase benzene. This is not the case on the Pt(ll1) surface which is also shown in the figure. Benzene is situated in a bridge site, on this surface the r-ring is parallel to the surface but the C-C distances are greatly distorted. another benzene structure on the Rh(ll1) surface, in this case the molecule is in a 3-fold hollow site and the CC-bonds are alternating between a very long 1.8111 and a short 1.3311 as determined by LEED surface crystallography. as there were three acetylene molecules bound together. However, vibrational spectroscopy clearly indicate that the breathing modes of the r-ring are detectable for this highly distorted benzene molecule. Structural rearrangements and thermal decomposition of pyridine, NC5H5 following adsorption on various transition metal surfaces.
Are strongly adsorbed organic species on transition metal surfaces intermediates for catalytic reactions?
most transition metal surfaces. electron energy loss spectroscopy studies were carried out on single crystal surfaces that were utilized for ethylene hydrogenation, and these studies revealed the presence of a monolayer of ordered ethylidyne molecules when both Ph(ll1) and Pt(ll1) crystal surfaces are very active for the hydrogenation reaction. the adsorbed ethylidyne monolayer during the hydrogenation reaction is about a million times greater than the rate of ethylidyne removal.
than a reactant on the metal surfaces.
Ethylene readily hydrogenates to ethane in the presence of excess hydrogen on Low energy electron diffraction and high resolution
I4C labeling of the carbon on
Adsorbed C H is a spectator rather 2 3
There is evidence from other studies of the hydrogenolysis of ethane to methane on transition metal surfaces that ethylidyne can indeed be one of the intermediates for the reaction. surfaces during catalytic reaction is complex. It should be examined for each catalytic reaction in question. higher the activiation energy for the reaction, the more likely that the strongly adsorbed surface species may be reaction intermediates. is unlikely that the strongly adsorbed organic species in the surface monolayer plays a significant role during the reaction. , and hydrogen 36} on several metal surfaces (RhClll)
}. In adsorbate are present alone on these surfaces. coadsorbed structures provides an excellent opportunity €or studying the interaction between coadsorbed atoms and molecules under conditions where the relative geometry and stoichiometry can be established.
The formation of these ordered,
In this paper we show that the CO induced ordering with several coadsorbates - 'The notation (mxm) indicates a hexagonal unit cell with sides m times as long as the (1x1) unit cell sides; R30' means the unit cell is rotated 3 0 ' with respect to the (1x1) unit cell. The notation (mJ3xn)rect indicates a reclangular unit cell with sides md3 and n times as long as the (1x1) cell sides; the prefix "c" means the unit cell is a "centered" unit cell rather than a "primitive" unit cell.
(Ihcp hollow means one second layer meul atom lies below the three-Iold hollow site, in contrast lo a fcc hollow where no rccond layer atom lies below the three-fold rite.
Energy loss (Cm-')
ordering occurs when CO is coadsorbed with an adsorbate that has a surface dipole moment oriented opposite to that of adsorbed CO, while disorder or segregation occurs when CO is coadsorbed with an adsorbate that has a similarly oriented dipole moment. We also find that NO, a ligand chemically similar to CO has a surface dipole moment opposite that of ethylidyne when coadsorbed in the ~( 4 x 2 ) -NO + ethylidyne the magnitude of the reduction in the C-0 stretching frequency appears to be directly related to the surface dipole moment of the coadsorbate.
structure. Further, for the 24-27.29-31 Our laboratory has already reported several studies individual CO coadsorption systems on the Rh(ll1) surface. structures observed, Table 1 
CO Coverage
Figure 18
The work function change of the Rh(ll1) surface as a function of CO coverage. The dashed curve shows the fit with the model discussed in the text. other CO coverages could be obtained at room temperature.
adsorbed CO bonds bridging two rhodium atoms as well as on top sites
38'40. We attribute the dramatic increase in A+ for Bco > 0.33 to bridge bonded CO molecules on Rh(ll1) having a larger surface dipole moment than top bonded CO. Since we are unable to determine the relative coverages of bridge and top bonded CO between 0.33 and 0.75 monolayer coverages, we are unable to model this system in order to determine the surface dipole moment or polarizability for bridge bonded CO on this surface.
For Bco > 0.33, some of the Adsorbed CO has a negative surface dipole moment, while the other adsorbates, which all form ordered structures with coadsorbed CO. have positive surface dipole moments, opposite that of adsorbed CO. Therefore, it appears that CO-induced ordering occurs when CO is coadsorbed with an adsorbate with an oppositely oriented surface dipole moment.
To further test the hypothesis that ordering of coadsorbed molecules is driven by having oppositely oriented dipole moments within the ordered unit cells, we have coadsorbed molecules whose surface dipole moments are nominally oriented in the same direction and have found these combinations are disordered or segregated. these results. conditions similar to those where CO induced ordering of coadsorbed structures were observed. It appears that the dipole-dipole interaction energy promotes the formation of the coadsorbed structures for oppositely oriented dipoles but not for similarly oriented dipoles. Table 2 lists In these experiments we tried to coadsorb the molecules at coverages and We have also measured the work function for several of the ordered structures formed with coadsorbed CO on Rh(ll1). Table 3 lists the work functions observed for the structures formed by the organic adsorbates, both with and without coadsorbed CO. As can be seen from Table 3 , the work function increases as the ratio of CO's to coadsorbates is increased, indicating that CO still has a negative surface dipole moment within the coadsorbed structures. the coadsorbed structures is difficult and would require detail measurements of work function changes as a function of coverage of both surface species. However, if we assume that benzene, fluorobenzene, and ethylidyne have the same surface dipole moment when coadsorbed with CO as when adsorbed alone on Rh(lll), then we are able to estimate that CO has an effective surface dipole moment of --2.4 x 10 C-m ( -0 . 8 D) in the structures listed in Table 4 . The assumption that benzene, fluorobenzene. and ethylidyne have the same dipole moments when coadsorbed with CO as when adsorbed alone is reasonable since previous HREELS 15'24 ' 2 6 *27 studies indicate no significant changes in the adsorbate's internal structure when coadsorbed with CO. We have also measured the work function change when NO, a ligand chemically similar to CO, is coadsorbed with a saturation coverage of ethylidyne. NO, like CO, forms a ~( 4 x 2 ) LEED structure on Rh(ll1) when coadsorbed with ethylidyne, but the ethylidyne species bonds at an hcp hollow site when coadsorbed with NO rather than at the fcp hollow site it bonds at when adsorbed alone or with CO '. coadsorbed to form the ~( 4 x 2 ) structure, the work function increases by 0.45 eV, indicating that NO, like CO, has a negative dipole moment when coadsorbed with ethylidyne.
Accurate determination of the dipole moments within
When NO is
A necessary condition for the formation of intermixed, ordered structures when CO is coadsorbed with other adsorbates is that the Helmholtz free energy is less for the ordered structure compared to that of a disordered overlayer:
The difference in free energy, AF = F between an ordered and disordered overlayer is composed of two terms --an entropy term, TAS =
T( Sordered-Sdisordered energy term, AU = U ordered -Fdisordered'
) that drives the system toward disorder and an interaction that drives the system toward order. ordered 'disordered
Our results indicate that the interaction energy, AU, favors ordered, coadsorbed systems when the coadsorbed molecules have oppositely oriented surface dipoles.
Obviously, oppositely oriented dipoles are attracted to each other, while similarly oriented dipoles repel each other. the dipole-dipole interaction energies of coadsorbed molecules, we have carried out model calculations for ordered arrays of dipoles to compute the dipole-dipole interaction energies for several of the ordered, coadsorbed structures on Rh(lll), as well as the dipole electric fields normal to the surface within the unit cells. these model calculations we make the simplifying approximation that the dipole of the coadsorbed species can be treated as point dipoles in the same plane.
assume that CO has a dipole moment of -2.4 x 10 C-m, the estimated value for coadsorbed CO, while the other coadsorbates are assumed to have the dipole moments measured when adsorbed alone on Rh(ll1). The results of these calculations are listed in Table 4 . The interaction energies in Table 4 . Here, the electropositive alkali adatom is thought to donate charge to the surface, which is then backdonated into the 2n* orbital of adsorbed
GO.
It is tempting to suggest that the surface dipole moments measured in our experiments are related to the amount of charge transfer between the adsorbates and the surface. While this may be the case for an alkali atom, like sodium, adsorbed on a metal surface 36, the situation for the molecular adsorbates is more complex, since they can also have a dipole moment associated with their molecular structure, as well as one associated with charge transfer to the surface. frequencies of coadsorbed CO indicate that some degree of charge transfer into the 2n* orbital of CO occurs for several of the coadsorbed structures.
34,46,47,4a
However, the vibrational Finally, we should mention that the addition of CO to an adsorbed overlayer can also reduce the entropy of the system. The reduction in entropy comes about from CO blocking not only its own adsorption site, but, due to steric effects, also prevents coadsorbates from occupying neighboring sites. For example, CO when coadsorbed with benzene blocks a total of seven hcp hollow sites from benzene adsorption on Rh(ll1). Since the sites blocked by an adsorbed CO become correlated with each other, the number of possible configurations for the coadsorbed system is reduced along with the entropy of a disordered overlayer, thereby making an ordered overlayer relatively more energetically favorable. than for a segregated overlayer, the entropy helps promote intermixed structures over segregated structures. Even though entropy considerations help to explain why ordered, coadsorbed structures occur they do not account for only coadsorbed structures with oppositely oriented dipoles being observed, indicating that interaction energies play a dominant role.
Also, as the entropy €or an intermixed overlayer is higher
The correlation between the C-0 stretching frequency and the surface dipole moment of the coadsorbates can be seen most effectively by plotting the C-0 stretching frequency vs. the dipole moment, as shown in Fig. 19, for In summary, we find that CO induced ordering occurs when CO is coadsorbed with adsorbates that have an oppositely oriented surface dipole moment. Model calculations indicate that the attractive dipole-dipole interaction energy is largely responsible for the formation of ordered structures containing oppositely oriented dipoles.
FUTURE STUDIES
The surface science techniques that have become available during the past two decades are eminently useful in studies of the structure and bonding of organic molecules adsorbed on metal surfaces. As a result of these studies the nature of the surface chemical bond of organic molecules is elucidated. ethylene and benzene. indicate the uniqueness of the surface chemical bond. temperature dependent sequential decomposition, the similarity of the strongly adsorbed surface species to organometallic multi-nuclear complexes all indicate the richness and diversity of two dimensional organic chemistry. The available experimental results also indicate that the strongly adsorbed orgnnometallic species on the surface play only secondary or peripheral roles in catalytic organic surface reactions. occur either on top of these strongly adsorbed organic species or on bare metal sites embedded into these organometallic two dimensional layers. It is imperative, that in the future, we study the organic surface chemistry of many molecules that are the derivatives of benzene as well as hetero nuclear organic molecules that contain nitrogen, sulfur or oxygen. the systematic patterns of the surface chemical bond emerge. Another direction that studies of organic monolayers will take is the investigations of their adsorption on surfaces with a large concentration of defects, steps and kinks. Up to now most of the studies of organic monolayers were focused on flat rather structurally uniform surfaces. indications that bond breaking activities are very different at these differently coordinated surface sites. future is the studies of organic molecules at solid-liquid and solid-solid interfaces.
The two examples given here, The
These reactions
Only after the accumulation of a great deal of data will
The presence of defects have great catalytic significance. There are Another major area of organic surface chemistry for the The scanning tunneling microscope that has been discovered recently appears to be an excellent technique for a molecular level study of adsorbed organic monolayers at solid-liquid interfaces. interfaces is second harmonic generation. This technique uses the non-linear behavior of lasers to investigate the surfaces by looking at the reflected signal at 20 after a photon of frequency w is incident on the surface. The second harmonic generation is the property of the surface because of symmetry reasons. As a result, it is eminently useful to obtain molecular information on a fraction of a surface monolayer. This has been demonstrated in several studies that were published recently. A modified version of second harmonic generation is sum frequency generation that can produce vibrational spectraof adsorbed molecules at the solid-liquid and splid-solid interfaces. This technique has great significance in studies of corrosion and lubrication. this sort could also be carried out in a diamond anvil to study organic monolayers between two solid surfaces. important in surface science and occur under conditions of wear and lubrication. hoped that the bonding and orientation of organic molecules will be uncovered in this circumstance by diamond anvil studies using second harmonic generation for example. is hoped that researchers in the field of surface science and organic chemistry will consider investigations in these frontier areas of surface organic chemistry.
Another technique that opens up investigations at solid-liquid
Studies of
Diamond anvils can achieve high pressures that are rather It is It 15.
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